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ABSTRACT

The Overtur e framevork is an object-orientecervi-
ronmentfor solving partialdifferentialequationson over-
lappinggrids. We describesomeof the toolsin Overture
thatcanbe usedto generateyridsandsolve partial differ-
ential equationg PDESs). Overtur e containsa collection
of C++classeshatcanbeusedo write PDEsolverseither
atahigh level or atalower level for efficiengy. Thereare
alsoa numberof tools provided with Overtur e that can
be usedwith no programmingeffort. Thesetoolsinclude
capabilitiesto e repaircomputeraided-desigifCAD) ge-
ometriesandbuild globalsurfacetriangulationse gener
atesurfaceandvolumegrids with hyperbolicgrid gener
ation, e generatecompositeoverlappinggrids, e generate
hybrid (unstructuredjrids, e solve particularPDEssuch
as the incompressibleand compressibleNavier-Stokes
equations.

INTRODUCTION

The Overtur e framework is a collection of C++ li-
brariesthat providestools for solving partial differential
equations. Overtur e can be usedto solve problemsin
moving geometriesisingthe methodof compositeover-
lapping grids (also known asoversetor Chimeragrids).
Overtur e includessupportfor geometrygrid generation,
differenceoperatorsboundaryconditions,data-basec-
cessandgraphics.At onelevel Overtur e canbe usedby
the studentor researchewho would like write a program
to solve a new problemor investigate a new algorithm.
The framework providesthe basicfunctionality suchas
grid generationand differenceand interpolationopera-
torsthatwould be very time consumingto develop from
scratch.Overtur e canbe programmedt a high level as
illustratedin the samplecodein figure (1). Alternatively,
critical partsof a codecanbe written at a lower level for
betterperformanceit is easy for example,to call a For-
tran subroutinethat might implementsomenumerically
intensive algorithm on a single structuredgrid. Over-
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tur e alsoprovidesa collectionof tools suchasOgen for

overlappinggrid generationUgen for building unstruc-
turedhybrid grids, Rap for repairingCAD geometryand
building componengridsandOverBlown for solvingthe
time dependentncompressibleor compressibleNavier-

Stokesequationsvith adaptve meshrefinemenandmov-

ing grids.

An overlappinggrid consistof a setof logically rect-
angulargridsthatcover adomainandoverlapwherethey
meet. This methodhasbeenusedsuccessfullyover the
lastdecadeandahalf, primarily to solve problemsnvolv-
ing fluid flow in comple, oftendynamicallymoving, ge-
ometriesseefor example, Stegeretal. 23, Buningetal. 4,
Meakin 17 18, Kiris et.al.l4, Brown et. al.3, andHen-
shav 10, Solutionvaluesat the overlap are determined
by interpolation.The overlappinggrid approachs partic-
ularly efficient for rapidly generatinghigh-quality grids
for moving geometries. As the componentgrids move
only the boundarypointsto be interpolatedchange the
grid pointsdo not have to be regenerated. The compo-
nentgrids are structuredso that efficient and fastfinite-
differencealgorithmscanbe utilized.

In other relatedwork the ChimeraGrid Tools from
Chan etal® is a widely used toolkit for the gener
ation of surface and volume grids for overset appli-
cations. Other overlapping grid generatorsinclude
PEGSUS-#5, PEGASUS-%°, Beggar 1°, DCFL6, and
xCog/ChaImesH-gZO. PopularPDE solversfor overlap-
ping gridsinclude OVERFLOW 4 andINS3D 22. There
areanumberof otherveryinterestingprojectsdeveloping
scientificobject-orientedramavorks. Theseincludethe
SAMRAI framework for structurecadaptve meshrefine-
mentg, PETSd(the PortableExtensibleToolkit for Scien-
tific Computation)z, POOMA (Parallel ObjectOriented
MethodsandAppIications)13 and Diffpackl.

One of the goalsof Overture is to promotethe use
of overlappinggrids as a useful approachfor solving a
variety of problems. Overture hasbeendevelopedby
a small group of applied mathematiciangand computer
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scientistsas part of our researchinto accurateand effi-
cientalgorithmsfor solving PDEsandassuchshouldbe
consideredoremostasa researchool. The sourcecode
for Overtur e andOverBlown is madefreely availableat
www. | | nl . gov/ CASC/ Overt ure.

SOFTWARE SUMMARY

In this sectionwe summarizehetoolsandclassepro-
videdwith Overture.

Fromthepointof view of aresearchewhowouldlike
to develop a computercodeto solve a particular prob-
lem, Overtur e providesa collectionof C++ classesand

- GenericDataBase a genericinterfaceto a hierarchical
database.

- HDF_DataBase an implementation of Generic-
DataBasdasedon HDF from NCSA.

Utilities

- TridiagonalSolver: blocktridiagonalsolver.

- OGFunction, OGPolyFunction, OGTrigFunction,
OGPulseFunction define analytic functions and
derivativesusedto testPDE solverswith the methodof
analyticsolutions.

asetof samplecodesthatcanbe usedasa startingpoint - Mappings

for moreadvancedprograms.Theseclassessummarized

here,provide supportfor geometryand grid generation,
arrays gridsandgrid functions,operatorsandgraphics.

From the point of view of a userwho would like to
solve problemswithout writing computercode, various
programsare provided with Overture for CAD repait
componengrid generationpverlappinggrid generation,
hybrid grid generationand the solution of the Navier-
StokesequationsTheseprogramsarealsomentionecbe-
low.

The following list is generallyorderedso that items
earlierin thelist do not dependnthoselaterin thelist.

Low level utilities

- GeometricADT: analternatingdigital treefor fastgeo-
metricsearching.

- ArraySimple: light-weight multi-dimensionalarrays
for C++.

Parallel Arrays

Overtur e usesthe A++/P++ multi-dimensionaldis-
tributed parallelarraysfor C++. Thesearrayssupporta
fortran90style arraysyntax.

Databaseaccess

Most objectsin Overture such as those appearing
later in this list knov how to get and put themselesto
a data-basdile usingthelow-level functionssuppliedby
the GenericDataBase Thus,for example,whenanover
lapping grid is saved we do not save the grid points but
ratherthe Mapping that was usedto build eachcompo-
nentgrid. This may save spaceif the Mappingis defined
by an analyticformula; thusthe grid pointsof a 3D box
arenot saved. Whenthe overlappinggrid is readbackin
the Mapping objectis recreatedand the grid can be re-
computedf it is needed.

2

Most geometryis representedhroughthe Mapping
class.Mappingsoftenrepresenatransformatiorirom the
unit squae in d-dimensions]0, 1]¢ to cartesiarspacein
n—dimensionsR"™. Mappingsarealsousedto represent
othertransformationsuchastranslationsrotationsand
scalings.Mappingsinclude

- LineMapping, CircleMapping, SquareMapping,
AnnulusMapping, BoxMapping, SphereMapping,
CylinderMapping,  PlaneMapping, Quadratic-

Mapping : analyticmappings.

- ComposeMapping composdwo Mappingsin orderto
rotate,scaleshift or stretchgrid linesetc.

- TFIMapping : definea 2D or 3D grid throughtransfi-
nite interpolationof boundaries.

- StretchMapping: usedto stretchgridslineswith expo-
nential,inversehyperbolictangentandhyperbolictan-
gentfunctions.

- Airf oilMapping: a collection of curvesincluding the
NACA seriesof airfoils.

- SmoothedPlygon: defineda grid for a 2D polygon
with smoothecdtorners.

- CrossSectionMapping: define a surface from cross
sections.

- OffsetShell: build agrid aroundathin shellor plate.

- NurbsMapping: definea NURBS (non-uniformratio-
nal b-spline)curve or surfacewith supportfor editing
andrepairof trim curves,joining, splitting, interpolat-
ing etc.

- TrimmedMapping: Trim a mappingthat representa
surface,usuallyusedto trim a NurbsMapping.
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terminethe curve or pointsof intersection.

JoinMapping: build a grid to join two intersectingsur
faces.

surfaces.

SweepMapping sweepor extrudea mappingalonga
cune.

RevolutionMapping: revolve amappingaboutaline.

DataPointMapping: define a mappingdefined from
collectionof datapoints,a continuougepresentatiois
obtainedthroughinterpolation.

CompositeSurface representa collection of Map-
pings;usuallyusedto represena collectionof trimmed
surfacesrom a CAD surface.

HyperbolicGridGenerator: build surface or volume
gridsby marching.

tion equationswvith multigrid.

collection of trimmed patchegCompositeSugce) us-
ing an edgematchingalgorithmandbuild a global tri-
angulation.

Unstructur edMapping:
grid, optionally build adjaceng information.
project functioncanprojecta pointin spaceontoa sur
facerepresentedsa unstructuredyrid.

Inverse: this classprovidesaninverse(or closestpoint
to a curwve or surface)for Mappings that do not have
an inversedefined. It will invert a generallogically
rectangulamappingusinga stencilwalk andNewton’s
method.

MappingBuilder: higher level interface for building
surfaceandvolumegridsona CAD surface.

Graphics Interface

- GL _Graphicsinterface : defines the interface for
plotting resultsin multiple windows, implementedin
OpenGLandMotif.

- GUIState, DialogData: build agraphicaluserinterface - GridCollectionOperators,

in C++with menus, buttonsanddialogwindows.

EllipticGridGenerator : solve the elliptic grid genera-

representan unstructured
The -
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IntersectionMapping: intersecttwo Mappingsto de- - Ogshav, ShowFileReader: save and readsolutions,

gridsanddatafrom a data-baséile.

CAD Fixup and Grid Generation
Rap is ahighlevel interfacefor CAD repairandcom-

FilletMapping: build a fillet to join two intersecting ponentgrid generationsupportingthe readingof IGES

files, trim curve editing, surfacerepait and generatinga
globaltriangulationon patchedCAD surfaces.

Grids

- MappedGrid : representa grid definedby a Map-
ping; optionallysuppliesverticescell-centersJacobian
derivatives, boundarynormals,facenormals,etc. The
grid keepsa pointerto the Mappingthatdefinest. This
meanghatif the grid needsto be refinedthe Mapping
canbe evaluatedto preciselydeterminethe location of
thenew grid points.

GridCollection : a collection of MappedGrid$ possi-
bly arrangednto a hierarcly for AMR or multigrid.

CompositeGrid : a GridCollectionplus the interpola-
tion informationrequiredfor overlappinggrids.

Grid Functions

CompositeTopology. determinethe connectiity of a - MappedGridFunction: a grid function (discretefield

variable)thatcanbea vectot tensoretc. Thegrid func-
tion is extendedwith extrainformationin orderto hold
the sparsematrix representatiorof PDE operatorand
boundaryconditions(for implicit methoddor example).

GridCollectionFunction: collectionsof MappedGrid-
Functions that can be arrangedinto a hierarcly for
AMR or multigrid.

CompositeGridFunction: a grid functionfor a Com-
positeGrid.

Operators

Overture provides secondand fourth-order finite
difference operators, second-orderconserative finite-
volume operatorsand a wide variety of boundarycondi-
tionsincludingDirichlet, Neumannmixed,extrapolation,
specifynormalor tangentiakomponentsextrapolatenor
mal or tangentiatomponentspecifynormalderivative of
thenormalor tangentiacomponentetc.

- MappedGridOperators:
grid.

operatorsfor a structured

CompositeGridOpera-
tors: operatordor collectionsof grids.
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- Interpolant: Arbitrary orderoverlappinggrid interpo-
lation, implicit or explicit.

Higher level graphics operations

Grid plotting: plot grids,AMR levels,multigrid levels.
streamLines 2D streamlines.

contour : 2D contours,3D contourcuts, iso-surfices,
coordinatesurfacesetc.

plotStuff: graphicgpost-processodisplaysolutionson
moving and adaptve grids; plot derived functionsand
derivativesetc.

AMR support

Overtur e usesthe BOXLIB library from LBNL for
low-level AMR operations.

Regrid: build the AMR hierarcly of gridsfrom anerror
measure.

Err orEstimator : definecommonerrorestimators.

Inter polatRefinements functionsfor interpolatingbe-
tweencoarseandfine levels andfor interpolatingfrom
anold AMR grid to anew one.

Inter polate: lower level functionsfor interpolatingbe-
tweenpatchef differing refinement.

Grid Generation

- Ogen overlappinggrid generatoffor cutting holesand
findingtheinterpolationpoints. Seethedescriptiorlater
in this paper

- Ugen: hybrid grid generatoffor generatinga grid with
structuredpatchesonnectedy unstructuredegions.

Utilities

- Integrate : integratea function on anoverlappinggrid
takinginto accountheoverlap.

- DataFormats: readand write files with variousother
formatssuchasPlot3d.

- FileOutput : outputgrid andsolutioninformationinto
aasciifile.

Solversfor Boundary Value Problems
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Ogmg: multigrid solver for ascalarelliptic equationon
overlappinggrids; automaticgeneratiorof coarsegrids
andcoarsegrid equations.

Oges overlapping grid equationsolver for solving
boundaryvalue problems;interface to sparsesolvers
suchasYale,SLAP, PETSc,andOgmg.

OverBlown
A solwer for the time dependenNavier-Stokesequa-
tions

- incompressibleNavier-Stokes

compressible Navier-Stokes and Euler equations
(Jamesorscheme).

reacting Euler equationgsimple detonatiorreactions)
(Goduna scheme).

RigdBodyMotion :
rigid bodies.

integrate equationsof motion for

Writing PDE solvers

The C++ programshaown in figure (1) is a high-level
Overtur e codefor solving a corvection diffusion equa-
tion

Ut + AUy + by = V(Ugz + Uyy)

on anoverlappinggrid. In this program the Composite-
Grid is readin from adata-baséile anda grid functionu
is built andinitializedto 1. Notethatu representshe so-
lution onacollectionof structuredyrids. Finite difference
operatorsarebuilt andusedto advancethe solutionusing
asimpleforward-Eulerttime-steppingnethod.Theopera-
tor u.z() is the C++ notationfor callingthememberfunc-
tion “x” of the floatCompositeGridFunctioalass. It will
returna new floatCompositeGridFunctiothat holds the
x-deriative of u onasetof curvilineargrids. At eachtime
stepthe solutionis interpolatedupdatingthe overlapping
grid interpolationpoints)andthe boundaryconditionsare
applied.Contoursof thesolutionareinteractiely plotted.

This high-level code can be made more ef-
ficient by replacing the computationally expen-
sive portion (the line u+=dt*( -a*u.x()-
b*u. y() +nu* (u. xx() +u. yy()) );), eitherwith
calls to lower level Overtur e functionsor by writing a
fortranor C programthatadwanceshe solutionon a sin-
gle componengrid.

CAD repair and component
grid generation
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int main()

{

u.setOperators(cg);

/| — solveaPDE—-

{

t+=dt;

}

returnO;

CompositeGrictg; // createa compositegrid
getFromADataBaseFile(¢gyyGrid.hdf"); // readthegrid in
floatCompositeGridFunction(cg);// createa grid function
u=1.;// assigninitial conditions
CompositeGridOperatomp(cg);// createoperators

PlotStuf ps;// make anobjectfor plotting

floatt=0, dt=.005,a=1.,b=1.,nu=.1;
for( int step=0;step<100; step++)

u+=dt*(-a*u.x()-b*u.y(+nu*(u.xx(+u.yy());

u.interpolate(){/ interpolateoverlappingboundaries
I/l applythe BC u=0onall boundaries
u.applyBoundaryCondition(0,dirichlet,allBoundaries,q.);
u.finishBoundaryConditions();
Plotlt::contour(ps,u)l/ plot contoursof the solution

—

Figurel: Programto solve the PDEu; + au, + buy = v(uzy + yy)

Figure(2) illustratesthe procesof building overlap-
ping componentgrids on a CAD geometry This capa-
bility is a morerecentadditionto Overture. The CAD
geometryis usuallydefinedasa patched-sugceconsist-
ing of a setof sub-surhces(or patches).A sub-suréce
may be definedin avariety of wayssuchaswith a spline,
B-spline or NURBS. In generalthe sub-surfcewill be
trimmed,in which caseonly a portion of the surfacewill
beusedthevalid regionis definedby trimming curves.

The main stepsin the processof building grids on
CAD geometrieare

e CAD fixup: Whenthe CAD geometryis definedfrom
a datafile suchasIGES, it is usually necessaryo re-
pair mistalesin therepresentationWhenthe geometry
is readin, mistalesaredetectedn thetrimming curves.
Thesecanbefixed by editingthe curves. It is alsopos-
sibleto editandchangehe geometrysuchasremoving
or addingpatchesseePeterssoandChand21 for more
details.

e CAD connectvity: Since an IGES file usually con-
tains no topology informationit is necessaryo deter
mine how the trimmed surface patchesconnectto one
anotherWe useanedge-matchinglgorithmwhichtries
to matchthe edgecurve of atrimmedpatchto thatof a
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neighbouringpatch;thisprocesswill effectively remove
mostgapsand overlapsbetweenthe patches.In some
very difficult casest is necessaryo re-editthe geom-
etry. After the patcheshave beenconnecteda global
triangulationis constructed The globaltriangulationis
usedas a first guesswhen projectinga point onto the
original CAD geometry

Surfaceand Volume Grid Generation: Structuredsur
face and volume grids can be generatediusing hyper
bolic grid generation. This approachwas developed
by Steger, Chanand Buning 7.6 andis alsoavailable
in Gridgen, see Steinbrennerand Chawner 24 \we
have implementedur own versionwithin the Overture
framavork 12, The hyperbolicgrid generatoisolvesa
setof hyperbolic equationsto generatea surfacegrid
startingfrom someinitial curve. At eachstep,the po-
sitions of the new grid points are predictedfrom val-
uesof the currentgrid pointsandthe normalto the sur
face. Surfacegrids may be constructecon geometries
that are represente@itherasa structuredpatch,or an
unstructuredriangulationor a patchedCAD represen-
tation. Whenconstructinggridsona CAD geometrthe
predictedpointsare projectedonto the patchedsurface
by first projectingthe pointontotheglobaltriangulation



Figure2: Topleft: CAD geometryfor a carconsistingof a patchedsurface.Topright: closeupshaving amismatchin
thesurfacepatcheghatneedgo berepaired Bottomleft: afterthe CAD representatiors repaireda globaltriangula-
tion is built. Bottomright: overlappinggrid for the geometry Overlappingsurfaceandvolumegrids areconstructed
with amarchingalgorithmandthe gridsareconnectedvith the Ogengrid generatar

6
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(using a walking algorithm) and then projecting onto
the surfacepatch.A variety of optionsareavailablefor
building startingcurvesandspecifyingboundarycondi-
tions. For example,the boundaryof the surfacepatch
(or aninternalgrid line) may be constrainedo matcha
specifiedcurve.

Overlapping and hybrid grid
generation

The Ogen programcanbe usedto constructan over

lapping grid from a collection of overlappingstructured

componengrids. It will automaticallycut the holesand

determinethe interpolationpoints. Ogen is descended
from the CMPGRD grid generator8 but usesa substan-

tially differentalgorithm resultingin a more robust ap-
proach.Someof thefeaturesnclude

e a new hole cutting algorithm with a graceful failure
mode.

e correctionsfor boundariesof grids that overlap but do
not match; this is an especiallytroublesomeproblem
whenthegridsarehighly stretched.

e supportfor higher order discretizationsand interpola-
tion.

e supportfor cell-centredand vertex-centeredinterpola-
tion.

e optimizedalgorithmsfor moving grids.
e supportfor block structuredadaptive meshrefinement.

The basicstepsin the overlappinggrid algorithmare
shawvn in figure (3).

The unstructurechybrid grid generatoitUgen begins
with acollectionof structuredyrids. Any overlapbetween
thegridsis removed,leaving agap. Thegapis filled with
an unstructuredyrid usingan adwancingfront algorithm.
In two-dimensionghe gapwould befilled with triangles,
in three-dimensiona single layer of pyramidsis genef
atedfollowedby tetrahedraThepyramidsmatchthe hex-
ahedrato thetetrahedra.

Figures (3,4) shavs some overlapping and hybrid
meshegeneratedby the OgenandUgen programs.

OverBlown Navier-Stokessolver

The OverBlown flow solver!! canbe usedto solve a
variety of equationson overlappinggridsincluding:

e the incompressibleNavier-Stokes in 2D and 3D;
supportanoving gridsandaxisymmetricflow;
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¢ the compressibleNavier-Stokes and Euler equa-
tionsin 2D and3D (Jamesorscheme).

e thereactingEuler equationsin 2D; solved with a
Goduna schemeandincludingone-ste@ndchain-
branchingreactionmodelsfor detonations.

Dependingon the equationghereis supportfor moving
gridsandor adaptve meshrefinementOverBlown, how-
ever, doesnot currently have steadystatesolution algo-
rithmsnor doesit have turbulencemodels.

Figure (5) shavs some results computed with
OverBlown .
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Solutionsof theincompressibléNavier-StokesequationsLeft: flow pastanairfoil andflap. Right: flow pasta

rotatingdisk.

Euler rho
t= 1.100, dt=7.63e-05
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Solutionof the Eulerequationsisingadaptve meshrefinement.The solutionwascomputedwith two levels of

refinementatio four. Left: contoursof thedensity Right: the adaptve overlappinggrid.

Figure5: Resultsfrom the OverBlown solver.
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